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Summary
Our study aimed to determine the functional activity of different osteoclast progenitor (OCP) subpopulations and signals important for their migration to bone lesions, causing local and systemic bone resorption during the course of collagen-induced arthritis in C57BL/6 mice. Arthritis was induced with chicken type II collagen (CII), and assessed by clinical scoring and detection of anti-CII antibodies. We observed decreased trabecular bone volume of axial and appendicular skeleton by histomorphometry and microcomputed tomography as well as decreased bone formation and increased bone resorption rate in arthritic mice in vivo. In the affected joints, bone loss was accompanied with severe osteitis and bone marrow hypercellularity, coinciding with the areas of active osteoclasts and bone erosions. 
CD115
1 Gr-1 1 for peripheral haematopoietic tissues), which exhibited enhanced differentiation potential in vitro. Moreover, the total CD11b 1 population was expanded in arthritic mice as well as CD11b
Introduction Collagen-induced arthritis (CIA) is a valuable animal model of autoimmune arthritis with the symmetrical inflammation of forepaws and hind paws that includes stiffness, redness, swelling and pain [1] [2] [3] [4] , which clinically, immunologically and pathologically resemble rheumatoid arthritis (RA) in humans. RA is hallmarked by synovial inflammation and hyperplasia, followed by cartilage damage, joint destruction and ankylosis [5] . Alongside synovitis, inflammatory infiltrate is found similarly in subchondral and periarticular bone marrow, detected by magnetic resonance imaging as bone marrow oedema (inflammation-induced fluid retention in the bone marrow compartment) and histologically as osteitis (increased vascularization and substitution of bone marrow fat by inflammatory cells) [6] . Accumulation of T and B lymphocytes, plasma cells and macrophages is associated with disease activity and development of bone erosions [7] [8] [9] . Bone loss in RA occurs locally at affected joints, and systemically in the form of osteopenia and osteoporosis. Local changes are presented as marginal bone erosions, subchondral bone resorption and periarticular bone loss [7, 8] . Osteodestruction is mediated by increased activity of osteoclasts, specialized bone-resorbing multi-nucleated cells. They originate from haematopoietic progenitors of monocyte/macrophage lineage, expressing receptors for the two crucial osteoclastogenic factors: macrophage colony-stimulating factor (M-CSF) receptor (CD115/cFms) and receptor activator of nuclear factor-jB (CD265/RANK; also known as tumour necrosis factor receptor superfamily member 11A, TNFRSF11A) [10, 11] . Myeloid origin was confirmed by studies demonstrating the existence of a common monocyte progenitor able to differentiate clonally into mature functional osteoclasts, macrophages and dendritic cells with high efficiencies in vitro [11] [12] [13] [14] . Osteoclastogenesis is induced by the interaction of RANK with receptor activator of nuclear factor-jB ligand (CD254/ RANKL, tumour necrosis factor ligand superfamily member 11, TNFSF11), expressed on stromal cells, osteoblasts, osteocytes and hypertrophying chondrocytes, as well as on activated T lymphocytes. Osteoprotegerin (OPG, tumour necrosis factor receptor superfamily member 11B, TNFRSF11B) counteracts osteoclastogenesis acting as a soluble decoy receptor for RANKL, which prevents RANKL binding to RANK [15, 16] . Osteoclast progenitors are found physiologically in the bone marrow as well as in the circulation [17] . The highly osteoclastogenic progenitor population accounts for approximately 0Á1-0Á3% of total nucleated bone marrow cells and resides within the CD11b -/lo CD115 1
CD117
1 immature myeloid subset. The phenotype of peripheral osteoclast progenitors corresponds to circulating monocytes, described as CD11b 1 Ly-
6C
hi CD115 1 cells [11] [12] [13] [14] . Although murine osteoclast progenitors have been characterized extensively, pathways of osteoclast differentiation and activation under the inflammatory conditions associated with arthritis are less well understood.
Immune cells activated by inflammation produce a number of mediators, acting directly or indirectly to induce excessive osteoresorption [18, 19] . In particular, inflammatory cytokines [interleukin (IL)-1, IL-6, IL-17, IL-18, tumour necrosis factor (TNF)-a, etc.] and chemokines (CCL2, CCL3, CCL4, CCL5, CXCL12, etc.) are produced increasingly in arthritis and, by autocrine, paracrine and endocrine mechanisms, affect the number, differentiation, migration and function of osteoclast progenitor cells [20, 21] . However, molecular signals underlying systemic activation and recruitment of osteoclast progenitors to articular and extra-articular bone surfaces are not defined precisely.
In the present study we aimed to determine the frequency and differentiation potential of osteoclast progenitor subpopulations, paralleled by analysis of the dynamic changes in the local and systemic bone remodelling over the course of CIA in C57BL/6 (B6) mice. In addition, we assessed changes in myeloid cell populations and production of inflammatory mediators to identify chemotactic signals important for osteoclast progenitor migration to bone lesions and their enhanced functional activity.
Materials and methods
Induction and assessment of CIA B6 male mice (8-10 weeks old) were used in all experiments. All experimental procedures were approved by the Ethics Committee of the University of Zagreb School of Medicine (no. 380-59-10106-14-55/151) and conducted in accordance with accepted standards of ethical care and use of laboratory animals.
For CIA induction in B6 mice, we followed a modified protocol described by Brand et al. [2] and Inglis et al. [3] . Mice, anaesthetized using tribromoethanol (Avertin), were immunized by injecting 50 ml of 2 mg/ml chicken collagen type II (CII; Sigma-Aldrich, Saint Louis, MO, USA) emulsified with complete Freund's adjuvant (FA; BD Biosciences, San Jose, CA, USA) intradermally, at the base of the tail. The emulsion contained 2 mg/ml of heat-killed Mycobacterium tuberculosis strain H37RA (BD Biosciences). The booster dose containing the same amount of CII emulsified with incomplete FA was applied 3 weeks later, near the earlier injection site. Control mice received phosphate-buffered saline (PBS) by the same procedure. Mice were sacrificed on day 40 (early arthritis) and day 70 (late arthritis) after primary immunization, with eight to 10 mice per group (Fig. 1a) .
Visual scoring for clinical signs of arthritis was performed at 5-day intervals, starting at the time of secondary immunization by grading arthritis development in each paw: 0 5 no changes, 1 5 swelling and/or redness limited to one finger/ toe, 2 5 swelling and/or redness of more than one finger/toe, or slight paw swelling, 3 5 moderate paw swelling and redness and 4 5 severe paw swelling and redness with ankylosis, with the maximum clinical score of 16 per mouse [3] .
Detection of anti-CII antibodies
Anti-CII antibody isotypes immunoglobulin (Ig)G1 and IgG2a were assessed in the mouse sera by enzyme-linked immunosorbent assay (ELISA) [3] . Assay was performed at room temperature; 96-well ELISA plates were coated overnight with 100 ml/well chicken CII at concentration 5 mg/ml, washed four times with PBS/0Á05% Tween20, blocked for 1 h with PBS/2% bovine serum albumin (BSA), washed again and then incubated for 2 h with sera diluted 1 : 2000 in PBS. Serial dilutions of pooled sera from 10 mice with late arthritis were used to design the relative standard curve. After washing, 100 ml/ well of rat anti-mouse IgG1 and IgG2a horseradish peroxidase (HRP)-conjugated antibodies (BD Biosciences) diluted 1 : 1000 in PBS/2% BSA were added and incubated for 1 h, followed by washing and adding 3,3 0 ,5,5 0 -tetramethylbenzidine (Sigma-Aldrich) substrate for 15-30 min. To stop the reaction, 10 mM sulphuric acid was used. Optical density was measured at 450 nm. Antibody concentrations were expressed with relative quantities in reference to the standard curve.
Assessment of mouse cross-linked C-telopeptide of type I collagen
Concentrations of mouse cross-linked C-telopeptide of type I collagen (CTX I) were determined in the mouse sera using a commercially available ELISA kit (Cusabio Biotech Co., Wuhan, China), according to the manufacturer's directions. Briefly, a 96-well plate was precoated with goatanti-rabbit antibody. Samples (40 ml/well) were added with anti-CTX I antibody and HRP-conjugated CTX I, and then incubated for 1 h at 378C. After washing, the substrate was added to the wells for 15 min at 378C and the colour developed opposite to the amount of CTX I. After stopping the reaction, the optical density was measured at 450 nm. CTX I concentrations were expressed with reference to the standard curve designed using the standard vials (range 5 0Á075-15 ng/ml), with assay sensitivity of 0Á04 ng/ ml.
Osteoclastogenic cultures
Bone marrow cells and cells released from femoral and tibial bone shafts were cultured overnight with 5 ng/ml M-CSF (R&D Systems, NE Minneapolis, MN, USA) in aminimum essential medium (MEM)/10% FCS to stimulate the monocyte/macrophage lineage, followed by harvesting of non-adherent cells as enriched haematopoietic monocyte/macrophage progenitors. Non-adherent cells were replated into 48-well plates at a density of 0Á25 3 10 6 /well in 0Á5 ml/well of a-MEM/10% FCS supplemented with 20 ng/ml M-CSF and 40 ng/ml RANKL (R&D Systems). Spleen and peripheral blood mononuclear cells [PBMC; obtained by Histopaque (Sigma-Aldrich) separation] were cultured in 48-well plates at a density of 0Á5 3 10 6 /well in 0Á5 ml/well of a-MEM/10% FCS supplemented with 20 ng/ ml M-CSF and 40 ng/mL RANKL. At days 5-7 of culture, tartrate-resistant acid phosphatase (TRAP)-positive multinucleated osteoclasts (! three nuclei/cell) were identified using a commercially available kit (Sigma-Aldrich) and counted by light microscopy [22, 23] . In selected experiments, osteoclast cultures were treated with 10 ng/ml CCL5 (PeproTech, Rocky Hill, NJ, USA).
Flow cytometry
Analysis and sorting of osteoclast progenitor cells from spleen and bone marrow were performed in a BD FACSAria I (BD Biosciences) instrument. Bone marrow cells were harvested by flushing femora and tibiae with staining medium (PBS/2% FCS) using a 23-gauge needle. Spleens were mashed gently in staining medium between a pair of frosted microscope slides. Erythrocytes were lysed with red blood cell lysing buffer (Sigma-Aldrich) and single-cell suspensions were obtained by filtering through a 100 lm Nytex mesh. Cells were counted in a haemocytometer by trypan blue exclusion and labelled using a mix of commercially available monoclonal antibodies against lymphoid lineage markers [anti-CD3 fluorescein isothiocyanate (FITC) (clone 145-2C11) for T lymphocytes, anti-B220 FITC (clone RA3-6B2) for B lymphocytes and NK1.1 FITC (clone PK136) for natural killer cells], myeloid lineage marker [anti-CD11b APC-eFluor 780 (clone M1/70)] and osteoclast progenitor markers [anti-CD115/cFms biotinylated (clone AFS98), anti-CD117/c-kit allophycocyanin (APC) (clone 2B8), anti-Gr-1 APC (clone RB6-8C5)], all from eBiosciences (San Diego, CA, USA). Suspensions were incubated on ice for 45 min, followed by washing in staining medium. As a second step (for biotinylated anti-CD115), cells were stained with streptavidin coupled to phycoerythrin-cyanin 7 (PE-Cy7) on ice for 45 min. Finally, cells were resuspended in staining medium containing 1 lg/ml propidium iodide (PI) for dead cell exclusion. Sorting gates were defined using unlabelled cells and fluorescence minus one controls. For fluorescence-activated cell sorting (FACS), labelled cells were acquired at a speed of approximately 5000 cells/s using the gating strategy described by Jacquin et al. [13] and Jacome-Galarza et al. [14] . Briefly, singlets were delineated from total cell population depicted on forward-versus side-scatter plot and then dead cells were excluded from the analysis based on PI incorporation, followed by plotting lymphoid markers versus CD11b, and subsequent dissection of CD115 versus CD117 expression for bone marrow or CD115 versus Gr-1 expression for spleen cells. Defined populations of osteoclast progenitor cells were sorted in 2 ml collection tubes containing a-MEM/20% FCS and used for osteoclastogenic cultures. Cultures were plated in a density of 5 3 10 3 cells/ well for bone marrow and 10 4 cells/well for spleen in 96-well plates, and supplemented with 30 ng/ml M-CSF and 60 ng/ml RANKL. Sorting parameters and experimental set-up were optimized for high purity sorting. Sorting purity was determined by a reanalysis of fractioned populations and was greater than 99% for all experiments. At days 5-7 of culture, TRAP 1 multi-nucleated osteoclasts (! three nuclei/cell) were counted by light microscopy [22, 23] .
For the phenotype characterization of spleen, PBMC and bone marrow myeloid cells, we used directly conjugated monoclonal antibodies for myeloid lineage markers (CD11b, CD11c, F4/80) (all from eBiosciences). In some experiments, a CD45 marker was used to designate the total haematopoietic population. In addition, the frequency of osteoclast progenitor subpopulations (defined as 
Migration assay
Migration assays of PBMC were performed in 24-well Transwell plates (8Á0 lm pore size) (Costar, Corning Inc., Corning, NY, USA). After stimulation with RANKL and M-CSF for 48 h, cells from control and CIA groups were seeded into the upper chamber of the Transwell system at a concentration of 10 4 cells/well in 100 ll medium, and the lower chamber was filled with 10 ng/ml CCL2 or CCL5 (PeproTech for both) in 500 ll medium. After 5 h of incubation at 378C with 5% CO 2 , the upper surface of the filters was washed carefully with PBS, and the remaining cells were removed with a cotton wool swab. The cells that migrated to the bottom side of the Transwell membrane inserts were fixed with 4% paraformaldehyde and stained with 4 0 ,6-diamidine-2 0 -phenylindole dihydrochloride (DAPI). The migrated cells were counted (two wells per group, four central fields per Transwell) at 3100 magnification using a fluorescent microscope (Axiovert 200; Carl Zeiss, AG, Oberkochen, Germany).
Micro-computed tomography
The distal femoral metaphyses and second lumbar vertebrae were scanned using micro-computed tomography (micro-CT) (1172 SkyScan; Bruker, Kontich, Belgium) at 50 kV and 200 mA with a 0Á5 aluminum filter using a detection pixel size of 4Á3 lm. Images were captured every 0.78 through 1808 (second lumbar (L2) vertebrae) and every 0Á78 through 3608 (femora) rotation. The scanned images were reconstructed using the SkyScan Recon software and analysed using SkyScan CTAnalyser. Threedimensional analysis and reconstruction of trabecular bone was performed on the bone region 1-2Á3 mm distal to the growth plate. The trabecular bone compartment was delineated manually from the cortical bone, and the following variables were determined: trabecular bone volume fraction (BV/TV, %), trabecular number (Tb.N/lm), trabecular thickness (Tb.Th; lm) and trabecular separation (Tb.Sp; lm).
Histology and histomorphometry
Femora and hind paws were fixed in 4% paraformaldehyde, demineralized in 14% ethylendiamine tetraacetic acid in 3% formaldehyde, dehydrated in increasing ethanol concentrations and embedded in paraffin. Six-lm sections were cut with a Leica SM 2000 R rotational microtome (Lieca SM 2000 R; Leica Biosystems, Nussloch, Germany) and stained by Goldner-Masson trichrome, haematoxylin and eosin or TRAP activity. Histomorphometric analysis was performed under Axio Imager microscope (Carl Zeiss) using the OsteoMeasure software (Osteo-Metrics, Decatur, GA, USA) [23] .
For static histomorphometry, methaphyseal regions of Goldner-Masson trichrome-stained femora, 1 mm distally from the epiphyseal plate, were analysed under 35 objective magnification. The analysed variables included trabecular volume (BV/TV), trabecular thickness (Tb.Th, lm), trabecular number (Tb.N/lm) and trabecular separation (Tb.Sp, lm). On TRAP-stained sections, osteoclasts were identified as multi-nucleated red cells placed adjacent to the bone surface. For dynamic histomorphometry, mice were injected twice with calcein, 20 mg/kg each, at days 6 and 2 prior to sacrificing. Seven-lm sections of undecalcified femora were cut using Leica cryostat and analysed under a fluorescent microscope (Axio Imager; Carl Zeiss); bone formation rate (BFR; lm 
Gene expression analysis
Total RNA from cultured cells and harvested tissues [isolated haematopoietic cells and enzymatically digested tarsometatarsal region of hind paws by 0Á1% collagenase (type IV, from Clostridium histolyticum; Sigma-Aldrich)] was extracted using TRIzol reagent (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA), reversetranscribed (1 mg) to cDNA and amplified (20 ng/well in duplicate) by quantitative polymerase chain reaction (PCR) using an AB7500 (Applied Biosystems) instrument. Expression of osteoclast differentiation genes [cFms/colony stimulating factor 1 receptor (Csf1r), Rank, cathepsin K (Ctsk), calcitonin receptor (Calcr)], chemokines (Ccl2, Ccl5) and cytokines (Il6, Tnf) was determined using commercially available TaqMan Gene Expression Assays (Applied Biosystems). The expression of a specific gene was calculated according to the relative standard curve of gene expression in the calibrator sample (cDNA from mononuclear cells or osteoclast culture), and then normalized to the expression level of the b-actin gene as an endogenous control [22, 23] .
Statistics
Each set of experiments was performed at least three times and data are presented as mean value 6 standard deviation (s.d.). Statistical analysis of the group difference was performed using Student's t-test or analysis of variance (ANOVA) with Bonferroni's correction for multiple testing. Levels of anti-collagen antibodies and measurements of dynamic histomorphometry were presented as individual values with median, analysed by Mann-Whitney U-test. For migration assays, values were presented as median with interquartile range and compared using the Kruskal-Wallis test with Mann-Whitney for group-to-group comparisons. The methodological studies of quantitative PCR analysis suggest that the minimal difference in gene expression that could be detected reproducibly is approximately 100% [22, 23] . Therefore, we assumed the change in the gene expression that is statistically significant (ANOVA, P < 0Á05) and more than twofold different compared with control, repeating through all experiments, as biologically significant. Correlations were assessed by Spearman's rho (q) coefficient with 95% confidence interval (CI). For all experiments, a-level was set at 0Á05. Statistical analysis was performed using the software packages MedCalc (version 12.5; MedCalc Inc., Mariakerke, Belgium).
Results
Clinical and serological assessment of CIA Dark brown Agouti (DBA)/1 mice, the most susceptible strain, develop CIA with a high incidence of 80-90% and very pronounced symptoms during the acute disease course. However, specific protocols for induction of CIA in the B6 strain have been developed and optimized [2] [3] [4] . Upon induction of arthritis, mice were assessed at two time-points defined as early arthritis (day 40/CIA40) and late arthritis (day 70/CIA70) for the frequency and activity of osteoclast progenitor subpopulations in parallel with the changes in bone metabolism (Fig. 1a) .
By applying the modified protocols of the model of CIA in B6 mice [3, 4, 24] , we were able to reach the arthritis incidence of approximately 50-60% in total of 14 independent experiments (approximately 200 mice). There were no signs of arthritis in any of the control (PBS-injected) animals. However, the arthritis was mild in most cases (total clinical score mean was 6Á97 6 3Á91), with one or more inflamed toes per paw and without ankylosis (Fig. 1b) . During the course of the disease, mice developed mainly symmetric arthritis, with more severe affection of the hind paws. Immunization to chicken collagen was confirmed by detection of circulating anti-CII antibodies (classes IgG1 and IgG2a) in serum samples taken individually at the time of termination for each time-point (Fig. 1c) . Statistical analysis revealed a significant positive correlation between the serum level of anti-CII class IgG2a antibodies and clinical score of arthritis (q 5 0Á522, CI 5 0Á169-0Á756, P 5 0Á009). Bone degradation during development of arthritis was confirmed by increased serum levels of CTX I as a metabolic marker of bone resorption (Fig. 1d) .
Histological confirmation of joint destruction in CIA
Histological analysis of the hind paws in the affected animals demonstrated severe destruction of small joints of tarsometatarsal region in arthritic mice, paralleled by the increased number of active osteoclasts adjacent to the subchondral bone surfaces compared to the control group (Fig. 1e) . The majority of the affected animals exhibited bone lesions accompanied by severe osteitis, with the replacement of bone marrow adipocytes with haematopoietic (inflammatory) cells, matching the bone marrow oedema described in human RA [6] . Very few mice showed profound synovial inflammation and pannus invasion of the articular cartilage, which could probably be assigned to the specific features of CIA in the B6 mouse strain [4, 24, 25] .
Hypercellularity of bone marrow compartment was most intensive at subchondral bone regions, coinciding with the areas of active osteoclasts and bone erosions (Fig. 1e) . In addition, histomorphometric analysis of the first tarsometatarsal joint revealed loss of subchondral bone and an increased number of active osteoclasts in animals affected by early CIA compared to the control group (Fig. 1f) .
Systemic bone loss in CIA
In addition to local osteoclast activation and joint destruction, we aimed to confirm systemic alterations in bone metabolism paralleled by the increased osteoclast activity and enhanced bone resorption in CIA (Fig. 1d) . Using micro-CT analysis, we assessed axial (at the level of L2 vertebra) and appendicular (at the level of distal femoral metaphysis) skeleton (Fig. 2a) .
In early arthritis (CIA40), despite thinning of trabeculae in the L2 vertebral body (Tb.Th 42Á1 6 4Á4 in control versus 38Á4 6 4Á7 in CIA, P 5 0Á04), the percentage of trabecular bone volume was unaffected (Fig. 2b) . With the development of arthritis (CIA70), trabecular bone volume was reduced significantly (Fig. 2b ) in addition to decreased trabecular thickness (Tb.Th 43Á1 6 6Á2 lm in control versus 35Á4 6 2Á4 lm in CIA, P 5 0Á001), confirming systemic bone loss. Appendicular skeleton was assessed by both micro-CT analysis and histology at the level of distal femoral metaphysis, showing even more prominent changes in early (CIA40) and late (CIA70) arthritis, with a significant decrease in trabecular bone volume (Fig. 2a,b) , trabecular thickness and trabecular number (Tb.Th 39Á6 6 4Á0 lm in control versus 34Á6 6 5Á3 lm in CIA, P 5 0Á008 and TbN 1Á64 6 0Á23/lm in control versus 1Á36 6 0Á22/lm in CIA, P 5 0Á001 by micro-CT). Moreover, dynamic histomophometry showed decreased bone formation rate as an indicator of suppressed osteoformation in vivo (Fig. 2c) .
Osteoclastogenic potential of haematopoietic cells in CIA
To assess in vitro osteoclastogenic potential, we isolated haematopoietic cells from bone marrow, adjacent endosteal and periosteal regions, spleen and peripheral blood of mice with early arthritis, and cultured them with RANKL and M-CSF to induce differentiation of osteoclast-like multinucleated cells (Fig. 3a) . The number of TRAP 1 osteoclasts was significantly higher in peripheral as well as bone marrow compartments in CIA compared with control animals (Fig. 3b) . As unfractionated haematopoietic tissues are heterogeneous, containing variable proportions of non-osteoclastogenic cells, we further assessed frequency and activity of defined osteoclast progenitor subpopulations according to the reports by Jacquin et al. [13] and Jacome-Galarza et al. [14] . Arthritic mice had a higher frequency of putative osteoclast progenitor cells in the bone marrow compartment, bearing the phenotype CD3 -B220 -NK1. (Fig. 4a) . Bone marrow and spleen progenitors were FACS-sorted and confirmed to possess potent osteoclastogenic activity in vitro, with higher numbers of differentiated TRAP 1 osteoclasts in cultures from mice with CIA compared to control mice (Fig. 4b) . Studies taken as a starting-point for osteoclast progenitor dissection were performed in control (untreated) mice [13, 14] . Therefore, we additionally tested osteoclastogenic efficiency of selected osteoclast progenitor subsets in the context of arthritis. Osteoclastogenic potential of lymphoid-negative cells expressing M-CSF receptor (CD115) were compared with respect to CD11b, as Jacquin et al. [13] reported that CD11b hi fraction of lymphoid-negative bone marrow cells may possess certain osteoclastogenic activity. In arthritic mice, the CD11b -/lo subset generated significantly more TRAP 1 osteoclasts compared to osteoclasts, differentiated osteoclast progenitors from arthritic mice exhibited enhanced expression of osteoclastspecific genes (Rank, Csfr1, Calcr and Ctsk) compared to the control, for both bone marrow and spleen (Fig. 4c) . We also compared expression of early osteoclast-specific differentiation genes (Rank and Csfr1) between osteoclastogenic cultures of sorted and unfractionated bone marrow and spleen cells (Supporting information, Fig. S1 ). Relative Rank expression was higher in cultures of sorted cells, indicating that this marker is enriched specifically in osteoclast progenitor populations. Relative Csfr1 (CD115) expression was high in unfractionated bone marrow cells and comparable between groups, due probably to the contribution of non-osteoclastogenic (myeloid) cells expressing M-CSF receptor. The more obvious difference in the expression of osteoclast-specific genes between control and arthritic samples in sorted compared to unfractionated cultures indicates enrichment of osteoclast progenitor cells.
Changes in myeloid populations and cytokine expression in CIA
As the results showed that osteoclastogenic potential was enhanced systemically in arthritis, we further assessed changes in myeloid cell populations among bone marrow and peripheral blood cells. We hypothesized that osteoclastogenic activity could be enhanced due to systemic activation of the total myeloid population (not just osteoclast progenitor cells), as a part of the autoinflammatory/autoimmune response in CIA.
Flow cytometric analysis showed expansion of the total myeloid CD11b 1 population in bone marrow and ), stimulated by receptor activator of nuclear factor jB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF), and assessed by the number of tartrate-resistant acid phosphatase (TRAP) 1 osteoclasts, presented as mean 6 standard deviation (n 5 4-6 wells per group). Flow cytometry analysis and sorting were performed by plotting the total cell population (excluding doublets and dead cells) for lymphoid markers versus CD11b, subsequently dissected for CD115 versus CD117 expression for BM or CD115 versus Gr-1 expression for SPL cells. Sorting gates were defined using unlabelled cells and fluorescence minus one controls. *Significant difference from the respective control at P < 0Á05, Student's t-test. (c) Expression of osteoclastspecific genes in osteoclastogenic cultures of sorted BM-derived and SPL-derived osteoclast progenitors, isolated from control (ctrl) and arthritic mice (CIA, day 40). Relative RNA quantities were presented as mean 6 standard deviation (n 5 4-6 wells per group). *Biologically significant difference in the expression (! 100%) in comparison to the respective control group. peripheral blood (Fig. 5a) . In relation to specific myeloid subpopulations, higher percentages associated with arthritis were noticed for CD11b 1 F4/80 Finally, we assessed the expression of several cytokines and chemokines known to be associated with the systemic proinflammatory state which could, at the same time, be responsible for the enhanced activity of myeloid lineage cells that comprise osteoclast progenitors [17, 18, 21, 26] . Tnf, Il6, Ccl2 and Ccl5 were expressed increasingly in PBMCs from mice developing arthritis compared to controls (Fig. 5b) . Similar changes of Ccl2 and Ccl5 expression were observed for spleen and bone marrow cells as well as for tarsometatarsal region of hind paws (Fig. 5b) .
Effects of CCL2 and CCL5 on osteoclast progenitor migration and differentiation
In the last set of experiments we evaluated the effects of CCL2 and CCL5 on circulatory osteoclast progenitor cells. These chemokines were able to cause enhanced migration of activated peripheral blood osteoclast progenitors in the migration assay (Fig.  6a) . In addition to the higher osteoclastogenic potential in vitro (Fig. 6a) , these cells from arthritic mice exhibited stronger chemotaxis towards CCL2 and, particularly, CCL5 gradient compared to the respective non-arthritic controls and the arthritic group not treated with chemokines (Fig. 6b) .
Population of circulatory osteoclast progenitor cells expressing CCR5 (CCL5 receptor) was enlarged in arthritic mice (Fig. 6c) , explaining their higher susceptibility to CCL5 gradient. Moreover, CCL5 exhibited direct osteoclastogenic effect by increasing the number of differentiated TRAP 1 cells upon addition to M-CSF/RANKL-stimulated cultures (Fig. 6c) , supporting the hypothesis that once they are attracted to the inflamed joints, osteoclast progenitors could be enhanced further in their differentiation by proinflammatory chemokines.
Discussion
Although it is known that there is a systemic enhancement of osteoclast activity and generalized bone loss in addition to local joint destruction, even in patients with early RA [7, 8] , the precise mechanisms of osteoclast progenitor migration and activation in arthritis as well as functional relations between circulatory and local osteoclast progenitor populations have not been revealed fully. Several studies have attempted to define the phenotype of putative osteoclast progenitor cells within the myeloid lineage population of bone marrow, spleen and PBMC pools [11] [12] [13] [14] 27] . It has been demonstrated that the lymphoidnegative CD11b 2/lo fraction recapitulates the early osteoclastogenic activity of total bone marrow [13, 14] , whereas reports are still inconsistent regarding the osteoclastogenic efficiency of CD11b 1 bone marrow cells [11, 13, 28] . In addition to these findings, we observed high osteoclastogenic potential of the CD3 
CD11b
-/lo fraction was included in the CD115 hi CD117
hi population, able to generate bone-resorbing osteoclasts at a clonal level [14] . CD115/cFms, the receptor for M-CSF, is expressed on myeloid lineage cells including osteoclast progenitors, whereas the CD117/c-kit, the receptor for stem cell factor, is a consistent marker of early haematopoietic fraction [12] [13] [14] . This distinct subset of the most potent osteoclastogenic cells in bone marrow, bearing the phenotype CD3 
CD117
1 , was expanded under the inflammatory condition associated with arthritis. Monocyte progenitors with osteoclastogenic activity were also confirmed in spleen and peripheral blood [11, 14, [29] [30] [31] . In contrast to bone marrow, the peripheral osteoclastogenic activity is contained within the CD11b 1 fraction of lymphoid-negative (CD3 -B220 -NK1.1 -) cells [14] . Further dissection of this fraction revealed that CD115 
Ly6C
hi cells exhibited the highest potential to form osteoclasts in vitro. This distinct phenotype is consistent with peripheral inflammatory-type circulating monocytes [14] . By using the similar approach to define peripheral osteoclast progenitors, we observed enlargement of the CD3 
hi population, were expanded in the bone marrow of the Sakaguchi mouse model of inflammatory arthritis, and had the capacity to differentiate into multi-nucleated bone-resorbing osteoclasts in vitro and in vivo [32] .
In addition to osteoclast progenitor cells, myeloid lineage is induced in general as a part of autoinflammatory and autoimmune responses in CIA [26] . In our study, changes of myeloid lineage included the total CD11b 
F4/80
1 macrophages and CD11b
1 CD11c 1 myeloid dendritic cells. Monocyte/macrophage and dendritic cells contribute to arthritis pathogenesis by serving as antigen-presenting cells for xenogeneic collagen and by secreting proinflammatory cytokines, including IL-1, IL-6 and TNF-a [26, 31, 33] . A systemic increase in TNF-a mediated an enlargement of the peripheral CD11b hi CD115 1 osteoclast progenitor population in the hTNF-Tg mouse model [34] . In a similar mouse model Binder et al. found that anti-TNF therapy reduced the number of CD115
1 osteoclast progenitors and intensity of subchondral lesions, without a significant impact on synovial inflammation [35] . Maintenance of the expanded osteoclast progenitor number and sustained osteoclast renewal is crucial to enable osteoclasts, whose individual lifespan is approximately 2-4 weeks, to create bone erosions during the chronic course of arthritis [36] .
Osteoclastogenic assays of sorted osteoclast progenitor cells further showed greater differentiation potential and higher expression of osteoclast-specific genes in cultures obtained from arthritic mice. Under pathological osteoresorptive conditions, systemically activated osteoclast progenitors can respond to chemokine signals and home efficiently to bone surfaces causing bone resorption [8] . Expression of Ccl2 and Ccl5 was enhanced in our model of CIA, and both chemokines have been shown to be involved in the pathogenesis of RA [21, 37, 38] . CCL2 is produced within the affected joints by different cell types (including macrophages, endothelial cells, synovial fibroblasts and chondrocytes) and is elevated in synovial fluid and serum of RA patients [39] . Talbot et al. showed the importance of the CCR2/CCL2 interaction for neutrophil infiltration in the model of antigen-induced arthritis [40] . CCL5 could be released by inflammatory cells as well as by osteoclasts, osteoblasts and chondrocytes [41, 42] , and may attract osteoclast progenitors to the sites of inflammation. In our study the migration assay identifies CCL5 and, to a lesser extent, CCL2 as potent chemotactic factors for committed osteoclast progenitors isolated from PBMC of arthritic mice. In addition, CCL5 exhibited direct osteoclastogenic effects on differentiation of peripheral blood osteoclast progenitors, which expressed CCR5 (receptor for CCL5) in significant proportion. CCR5 expression was observed on synovial tissue macrophages and synovial fluid-derived monocytes in patients with RA [43] . Moreover, CCL5 was significantly higher in synovium of RA patients compared to patients with osteoarthritis [44] , and the anti-CCR5 antibody was able to block CCL5-induced chemotaxis of peripheral blood RA monocytes [45] . The susceptibility of osteoclast progenitors to chemotactic signals and increased production of respective chemokines create optimal conditions for enhanced homing of osteoclast progenitors not only to affected joints, but also at the systemic level, explaining local as well as systemic bone loss.
In addition to proinflammatory chemokines, we observed enhanced expression of Tnf and Il6 in haematopoietic cells derived from bone marrow as well as from circulation. Even a small increase in systemic inflammation may trigger a self-amplifying proinflammatory state, leading to increased osteoclast activation and exaggerated bone loss [11, 17, 35, 38, 46, 47] . Within the affected joints, thinning of the articular cartilage and loss of subchondral bone were most prominent in the tarsometatarsal regions, similar to previous studies on the CIA model in B10.RIII and DBA/1 mice [31] . In contrast to profound pannus invasion of the articular cartilage seen in DBA/1 strain [3] [4] [5] 24] , joint pathology in B6 mice is characterized by pronounced osteitis within the subchondral compartment, coinciding with the areas of TRAP 1 osteoclasts adjacent to the subchondral bone surfaces. As well as local changes, systemic bone loss of axial and appendicular skeleton was observed in different rodent models of arthritis [48] [49] [50] . In our model, in vivo bone formation was suppressed and bone resorption was enhanced resulting in decreased trabecular bone volume. Enhanced production of proinflammatory cytokines (including IL-1, IL-6 and TNF-a) is known to suppress osteoblasts function, leaving them unable to compensate for excessive osteoclast activity and bone resorption [7, 19] .
In conclusion, the model of CIA in B6 mouse strain seems to be particularly useful to study changes within the subchondral compartment (including osteitis and subchondral bone loss) of the affected joints in the absence of prominent synovial hyperplasia. The altered cytokine and chemokine milieu created by inflammatory and immune cells within the subchondral compartment may be crucial for the recruitment of osteoclast progenitors and activation of bone-resorbing osteoclasts. Inflammatory mediators produced by accumulated cells egress into circulation, thereby producing a systemic impact on osteoresorption, not only in arthritis but also in other inflammatory processes. In this context, characterization of osteoclast progenitors could be used to monitor disease progression and intensity of bone resorption.
